We established a method to determine the glycosyl linkage structure by a combination of Smith degradation and liquid chromatography-electrospray ionization-quadrupole-time of flight-mass spectrometry (LC-ESI-Q-TOF-MS) and tandem MS (MS/MS). To assign the sugar linkage of N-glycoprotein, we employed a typical ribonuclease B containing oligosaccharides (Man 5{9 GlcNAc 2 ). Tryptic digestion of ribonuclease B provided a mixture of high-mannose glycopeptides consisting of the four amino acids, Asn 34 -Leu-Thr-Lys
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(NLTK, T6). The mixture of glycopeptides was separated by high-performance liquid chromatography (HPLC) in a reversed phase column and was characterized by ESI-Q-TOF-MS and MS/MS. Comparison of the data with and without Smith degradation allowed us to make reasonable assignments to support such linkage patterns as (1 ! 2), (1 ! 3), (1 ! 6) and their multiples. These assignments were limited to six mannoses or lower due to the unstable nature of the higher derivatives. This method should be applicable to determine the linkage pattern of an unknown glycoprotein in about a 6-microgram amount.
Key words: Smith degradation; glycopeptide; ribonuclease B; liquid chromatography-mass spectrometry (LC-MS); sugar linkage pattern Glycoproteins consist of carbohydrates covalently linked with proteins. They are widely distributed in nature in both animals and plants, and have also been discovered in some bacteria and viruses. The most relevant glycosyl-peptide linkages occurring in glycoproteins involve the N-and O-linked structures. The Nlinked glycan, characteristic of many animal and plant glycoproteins, contains a reducing terminal N-acetylglucosamine (GlcNAc) linked to the side-chain amide of the asparagine residue of Asn-Xaa-Ser/Thr as the consensus sequence, where Xaa can be any natural amino acid except proline. 1) Glycosylation represents one of the most important co-translational and posttranslational modifications of proteins. We have been working on an esterase called TIME-EA4, a glycoprotein, which was isolated from diapause eggs of the silkworm, Bombyx mori. The oligosaccharide in EA4 was elucidated to be an N-glycoside attached to the asparagine residue at the Asn 22 -Ile 23 -Thr 24 sequence. We have reported that the linkage pattern of the 5-sugar chain was studied through Smith degradation combined with LC-MS and MS/MS analyses. These advanced methods led us to conclude that the pentasaccharide was branched as Man 1 ! 3(Man 1 ! 6)Man 1 ! 4GlcNAc 1 ! 4GlcNAc. 2, 3) The key to our methodology had been established with a model glycoprotein such as ribonuclease B which is described in this report.
One of the most effective methods for determining the oligosaccharide moiety has been reported by Takahashi et al. 4) They digested the glycoproteins by glycopeptidase to release oligosaccharides which were further reductively aminated with 2-aminopyridine. The pyridylamino derivatives of the oligosaccharides were separated by HPLC with an ODS column. The structure of each oligosaccharide was analyzed by a two-dimensional mapping technique (comparison with authentic samples), with co-chromatography in ODS and amidesilica columns. 5) Mass spectrometry has now become the most useful method for applying to the carbohydrate chemistry of biological samples. Chromatography, ESI-MS and such biochemical methods as exoglycosidase digestion can also be combined for determining the composition and linkage pattern of oligosaccharides on a glycoprotein. 6) We describe in this paper a novel method for identifying the linkages of sugar chains in glycopeptides by using a combination of enzyme hydrolysis with LC-MS and/or LC-MS/MS. With the MS/MS technique, the ions of interest are selected as precursors with the first analyzer (MS-1), and are collided with inert gas atoms in a collision cell. The resulting fragment ions are y To whom correspondence should be addressed. Tel: +81-52-789-4109; Fax: +81-52-789-4111; E-mail: isobem@agr.nagoya-u.ac.jp Abbreviations: ESI, electrospray ionization; LC, liquid chromatography; MS, mass spectrometry; ODS, octadecylsilane; ox/red Man, mannose after Smith degradation; Q-TOF, tandem quadrupole/orthogonal-acceleration time of flight; RBNase B, ribonuclease B; T6-Sn, T6-2GlcNAc-nMan; OxT6-Sn, T6-2GlcNAc-nMan after Smith degradation separated by the second analyzer (MS-2). An empirical rule of NXT or NXS on the consensus amino acid sequence suggests the potential sugar linkage of this type at the Asn residue, and tryptic digestion should provide the sugar chain linked to a peptide having four or more amino acids. The hydrophobic shift of these peptides is useful in a reversed-phase LC system to let the glycopeptides elute at a retention time after the solvent shock. We found that these glycopeptides were readily separable in a reverse phase column due to the hydrophobicity of the amino acid residues. Another advantage of this method is providing experimental evidence for the sugar chain linking point.
2) The wellknown method of Smith degradation, comprising metaperiodate oxidation and reduction, has been utilized for analyzing glycoprotein structures. 7, 8) Sugar residues are cleaved by metaperiodate between the carbons with vicinal hydroxyl groups to result in two aldehyde groups, which are successively reduced to 2 hydroxymethyl groups. The Smith degradation products can be analyzed by LC-MS to show the different molecular ions depending upon the linkage pattern as summarized in Table 1 .
Since the low-mannose type of glycoprotein is not commercially available, the high-mannose type of glycoprotein, ribonuclease B, was chosen as a source molecule to examine Smith degradation in combination with the LC-MS method. Several glycoforms were observed from natural RBNase B having a high-mannose type of sugar chain (N-linked Man 5{9 GlcNAc 2 ) as shown in Fig. 1 
Materials and Methods
Smith degradation. A solution of ribonuclease B (28 l, bovine pancreatic type, Sigma Chemical Company Ltd., UK) from a stock solution of 760 pmol/l in water was diluted in 42 l of a 0.1 M sodium acetate buffer at pH 4.0. This mixture was oxidized with 25 l of 0.08 M sodium metaperiodate (NaIO 4 ) in the same buffer for 3 days at 4 C in the dark. The excess metaperiodate reagent was decomposed overnight at 4 C by adding 10 l of 3.2 M ethylene glycol. The solution was brought to pH 7 with 0.1 M NaOH, and oxidized RBNase B was reduced overnight at 4 C with 53 l of 0.1 M sodium borohydride (NaBH 4 ) in a borate buffer at pH 8.0. The borohydride was decomposed by adding 4% trifluoro acetic acid. The pH value of the resulting solution was 4.5, and the solution was separated by passing through a Cosmosil 75 C18 OPN column (Nacalai Tesque, Kyoto, Japan). The modified RBNase B was eluted by 75% acetonitrile, and the obtained sample was dried in a nitrogen gas flow.
Trypsin digestion. RBNase B (1 nmol; or the Smith degradation product from RBNase B as just described) in 47 l of a 0.1 M Tris-HCl buffer at pH 8.5 was heated for 5 min at 90 C. To this solution, 3 l of trypsin (sequencing grade from Roche Diagnostics, Mannheim, Germany; 1 g/1 l in 1 mM HCl) was added. The mixture was incubated for 18 h at 37 C. The trypsin was deactivated by heating the solution at 90 C for 5 min. The digested sample (1-l aliquot) was subjected to HPLC-ESI-Q-TOF-MS, and 10-l aliquot was used for the MS/MS analysis. 
Mass Spectrometry

LC-ESI-Q-TOF-MS analysis. A micro(or nano)-HPLC chromatograph was connected to an ESI-Q-TOF
a Not observed in nature. Internal Man (1 ! 6) linkage: (C 2{3 ) and (C 3{4 ) are cleaved. (1 ! 2) and (1 ! 2; 6) linkage: one bond of (C 3{4 ) is cleaved. (1 ! 4) linkage: one bond of (C 2{3 ) is cleaved. Terminal Man: (C 2{3 ) and (C 3{4 ) are cleaved. The (1 ! 3; 6) linkage has no cleavage. 
Results and Discussion
We first cleaved the sugar chain on Ribonuclease B by enzyme hydrolysis. To 3 nmol of this glycoprotein were added 0.1% SDS and 0.2% beta-mercaptoethanol, the solution being heated for 3 min. After cooling, the solution was incubated with peptide-N 4 -glycosidase F Note that no 4-Man-2GlcNAc was apparent in the MALDI-TOF spectrum, but that signals corresponding to the 4-mannose compound were found in the ESI-MS data (vide infra).
The tryptic digests of RBNase B without and with Smith degradation were analyzed and compared by HPLC-ESI-Q-TOF-MS and MS/MS. The LC-MS results show that both T6 glycopeptides of the tryptic digests of RBNase B appeared at ca. 21 min. The 5-9 mannose glycopeptides of T6 glycopeptides were observed as doubly charged ions. The MS data for glycopeptides from the tryptic digest of RBNase B are shown in Fig. 2 . The 5-mannose glycopeptide, T6-2GlcNAc-5Man (T6-S5; abbreviated according to the tryptic peptide number 6 and a sugar chain having 5 mannoses) is observed as the highest-intensity peak. The fragment ions are shown as doubly charged state of glycopeptide mixture T6-2GlcNAc-nMan (T6-Sn, n ¼ 5, 6, 7, 8, 9) at m=z 846.46 (n ¼ 5), 927.50 (n ¼ 6), 1008.53 (n ¼ 7), 1089.58 (n ¼ 8) and 1170.58 Fig. 2 that the fragment ions from each glycopeptide were a mixture of the intact glycopeptides themselves (molecular ion) and the fragment ions derived from the highermannose glycopeptides which appeared with the same value. The MS data for the converted (or modified) glycopeptide in Fig. 3 (Fig. 3A) . The MS data for the converted glycopeptides by Smith degradation (Fig. 3 ) look more complicated than the MS data for the glycopeptides without Smith degradation (Fig. 2) . However, we could observe the different fragment ions from the mixture of intact glycopeptides themselves (molecular ions) and the fragment ions from the higher-mannose glycopeptides. The MS data with a cone voltage of 40 V (shown in Fig. 3A ) suggests many candidate precursor ions of high intensity in the MS/MS data. On the other hand, a similar measurement with a cone voltage at 10 V (shown in Fig. 3B ) provided simpler MS/MS data with cleaner precursor ions, although the ionization efficiency was lower and thus the intensity of the precursor ions; for example, the comparative MS/MS data are shown in Figs. 5A and 5B when m=z 886 was employed as the precursor ion (vide infra).
The precursor ions for MS/MS measurements with and without Smith degradation were selected from many candidates in Figs. 2 and 3 . The maximum mass difference ranged between À28 and þ2 per each mannose from the chemical modification process (see Table 1 (Fig. 3) [765 À ð3 Â 28Þ=2 þ ð2 Â 2Þ=2]; therefore, the precursor ion was m=z 737. So we selected the precursor ions as 886, 804 and 737. The other ions are considered to have been secondary fragment ions or very weak and are not further discussed in this study. The MS/MS data for 6-mannose glycopeptide, T6-S6 (T6-2GlcNAc-6Man) was obtained from the doubly charged precursor ion at m=z 927.38 and shows in Fig. 4 the neutral losses of mass 6 Â 162 Da (6 Â Man) and 2 Â 203 Da (2 Â GlcNAc). In Figs. 5A and 5B, the MS/ MS data for the same glycopeptide with Smith degradation from the precursor ion at m=z 886.5 as that for the doubly charged state shows the neutral losses of mass 2 Â 162 Da (2 Â Man) and 3 Â 134 Da (3 Â (Man-28)), including 2 Â 203 Da (2 Â GlcNAc). The peak at m=z 475 corresponds to T6 þ H having no sugar moiety. All of these assignments from Figs. 4 and 5B are tabulated in Table 2 . The MS/MS data in Fig. 5A loss value (164), this never having been reported before. So, we rechecked the purity of the precursor ions, since the analyzed glycopeptides were a mixture of similar structures and there was the possibility of contamination by other fragment ions being included in the precursor ions. The sample cone voltage (40 V) in the first MS analysis was lowered to 10 V, so that the generation of unnecessary fragment ions was minimized, even though the total intensity was reduced as well. The new MS/MS data from the precursor at m=z 886.45 was obtained as shown in Fig. 5B . In this tandem mass spectrum, the doubly charged ions disappeared from the mass region between 700 and 900.
In Fig. 5B The possible linkage of mannoses in RBNase B was, in fact, concluded from the MS/MS data in Figs. 4 and 5 according to the changes of mass in Table 1 ; 5-mannose glycopeptide has 3 terminal mannoses, 6-mannose glycopeptide has 3 terminal mannoses and one internal mannose with (1 ! 2) linkage, 7-mannose glycopeptide has 3 terminal mannoses and two internal mannoses with (1 ! 2) linkages, 8-mannose glycopeptide has 3 terminal mannoses and 3 internal mannoses with (1 ! 2) linkages, and 9-mannose glycopeptide has 3 terminal mannoses and 4 internal mannoses with (1 ! 2) linkages. Fragment ions of the glycopeptides with Smith degradation were changed because the oligosaccharides were cleaved according to the linkage pattern. Furthermore, we observed different fragment ions in the doubly charged state from OxT6-S4 (T6-2GlcNAc-4Man with Smith degradation) at m=z 737.37, from T6-Sn (T6-2GlcNAc-nMan, n ¼ 3, 2, 1) at m=z 684.34 (n ¼ 3), 603.30 (n ¼ 2), and 522.28 (n ¼ 1) and from T6-2GlcNAc at m=z 441.25.
The MS/MS data therefore indicate that the 6-mannose glycopeptide consists of 3 terminal mannoses, one internal mannose with a (1 ! 2) linkage, and includes 2 mannoses with (1 ! 3; 6) linkages and 2 Nacetylglucosamines as the core structure. The terminal mannose (1 ! 2) linkage can alternatively link to either of the 2 other terminal mannoses, giving 3 possible structures. The possible structures of the 6-mannose glycopeptide without and with Smith degradation are shown in Fig. 6 The MS/MS data for the 5-mannose glycopeptide (not shown) enable us to summarize the fragment ions of this glycopeptide without and with Smith degradation as shown in Table 3 . We observed neutral losses of mass 3 Â 134 Da (3 Â (Man-28)), 2 Â 162 Da (2 Â Man) and 2 Â 203 Da (2 Â GlcNAc). We could therefore conclude that the 5-mannose glycopeptide consisted of 3 terminal mannoses and a core structure of 2 mannoses with (1 ! 3; 6) linkages and 2 N-acetylglucosamines, like the 6-mannose glycopeptide. The structures of the 5-mannose glycopeptide without and with Smith degradation are shown in Fig. 7 , including the assignments of the fragment ions.
According to the structure of RBNase B shown in Fig. 1 , the smallest structure is the 5-mannose type, although the 4-mannose type was observed only as the fragment ion from the higher mannose type. The 4-mannose glycopeptide was also analyzed by MS/MS. The assignments from the MS/MS data of the 4-mannose glycopeptide are summarized in Table 4 in a similar way. We observed neutral losses of mass 2 Â 162 Da (2 Â Man) and 2 Â 203 Da (2 Â GlcNAc), as in the cases of the 5-and 6-mannose glycopeptides. This result strongly confirms the core structure as having 2 mannoses with (1 ! 3; 6) linkages and 2 N-acetylglucosamines. The structures of the 4-mannose glycopeptides without and with Smith degradation are shown in Fig. 8 , including the assignments of the fragment ions. 
Conclusion
The MS/MS data for the 4-, 5-and 6-mannose glycopeptides from tryptic digestion of RBNase B with Smith degradation are useful for assigning the linkage pattern. We found the T6 glycopeptides to have as the core structure 2 N-acetylglucosamines and 2 mannoses with (1 ! 3; 6) linkages. We observed 3 Â 134 Da from MS/MS data for the 5-and 6-mannose glycopeptides with Smith degradation assignable to the 3 terminal mannoses. In addition, we observed one mannose with a (1 ! 2) linkage from 6-mannose glycopeptide. There are three possible structures for the 6-mannose glycopeptide, while the 5-mannose glycopeptide has only one possible structure as shown in Fig. 7 , according to the comparison of MS/MS data with and without Smith degradation. The 4-mannose glycopeptide was observed as one of the major fragments emerging from the ion source in both cases with or without Smith degradation. This is only rational when the lost sugar fragment is attached at the 6 position(s).
The 40 V cone voltage, which provided good ionization, was used for all MS experiments but we obtained different ratios for isotope abundance M:M þ 1:M þ 2; e.g. the intensity ratio at m=z 886 was 100:103:56 at a cone voltage of 40 V, but 100:88:42 at a cone voltage of 10 V (see Figs. 3A and 3B ). To reduce unnecessary fragmentation in the ion source, the lower cone voltage of 10 V was used to produce fewer fragments and cleaner precursor ions; for example, the MS/MS analysis of the 6-mannose glycopeptide by using a cone voltage of 10 V (Fig. 5B) is simpler than that using the higher cone voltage of 40 V (Fig. 5A) .
The glycan structure of recombinant erythropoietin was analyzed in 1994 by ESI-MS by Linsley et al.
11)
They utilized periodate oxidation, reduction, methylation and enzymatic digestion. The purified glycopeptide was further analyzed by ESI-MS. Reinhold et al. 12) also mentioned in 1995 the structural determination of oligosaccharides by ESI-MS. The glycan linkage and branching details were studied via oxidation, reduction and methylation, and analyzed by ESI-MS.
Our methodology has more advantages than those previously reported due to the fact that the combination of Smith degradation and LC-MS and MS/MS are achieved. This is an effective strategy for the assignment of a glycopeptide structure, including the linkage pattern. Tryptic digests of the glycoprotein, RBNase B, provided a mixture of glycopeptides which consisted of peptide residues including oligosaccharide chains. These glycopeptides could be separated by reverse phase chromatography. The LC-MS and MS/MS results provided information about the structure and linkage pattern of glycoproteins. This strategy is well established for the assignment of the high-mannose type of glycoproteins, so this method could be applicable to determining the glycosylated chain structure of such unknown glycoproteins as TIME-EA4 obtained from silkworm diapause eggs. Since the structures of 4-and 5-sugar types, which were found in TIME-EA4, have not yet been identified due to the very small amount, our methodology should be applicable to determine the linkage pattern. Further results will be presented in the near future. 
